The pathway of methanogenesis from acetate in Methanosarcina thermophila involves transfer of the intact methyl group of acetate to coenzyme M (HS-CoM) (11) followed by reductive demethylation catalyzed by methylCoM methylreductase (13) . The mechanism of methyl transfer to HS-CoM is unknown. It is postulated that cleavage of the carbon-carbon bond of activated acetate is catalyzed by an enzyme with CO dehydrogenase activity, with transfer of the carbonyl carbon to a bound one-carbon intermediate (9, 13) . The CO dehydrogenase activity of M. thermophila is severalfold greater in acetate-grown cells compared with cells grown with alternate substrates, and acetate-grown cells contain CO-dependent methyl-CoM methylreductase activity (13) . Recent evidence for transfer of the methyl group of activated acetate to a corrinoid protein stems from the propyl iodide inhibition of methanogenesis from acetate in Methanosarcina barkeri (5) .
The mechanism proposed for cleavage of activated acetate by M. thermophila (13) is similar to a reversal of the pathways for the synthesis of acetyl coenzyme A (acetylCoA) in strict anaerobes. A CO dehydrogenase and a corrinoid protein are involved in acetyl-CoA synthesis for cell carbon of methanogenic bacteria (6) . A purified CO dehydrogenase from the homoacetogenic clostridia catalyzes the synthesis of acetyl-CoA from CoA, methyl corrinoid, and an enzyme-bound one-carbon intermediate (17) . The clostridial enzyme forms a unique paramagnetic nickel(III)-iron-carbon species when incubated with CO (18) .
Here we describe the purification of the CO dehydrogenase complex synthesized in acetate-grown M. thermophila which displays properties that implicate an involvement in acetate dissimilation to methane. * Corresponding author.
MATERIALS AND METHODS
Organism and culture conditions. M. thermophila TM-1 (26) was cultured on acetate in a 10-liter pH auxostat as described previously (22) . The basal medium contained (in grams per liter, final concentration): NH4Cl, 1.44; K2HPO4, 1.13; KH2PO4, 1.13; NaCl, 0.45; MgSO4 * 2H20, 0.09; CaCl2 * 2H20, 0.06; yeast extract (Difco Laboratories, Detroit, Mich.), 0.5; Trypticase (BBL Microbiology Systems, Cockeysville, Md.), 0.5; Fe(NH4)2(SO4)2, 0.01; cysteine hydrochloride, 0.27; Na2S * 9H20, 0.27; Antifoam C (Sigma Chemical Co., St. Louis, Mo.), 0.5; and resazurin, 0.001. Trace elements and vitamin solutions (24) were each added at a final concentration of 1% (vol/vol); NiCl2 * 6H20 was added to a final concentration of 0.5 g/liter. Sodium acetate (50 mM) or methanol (100 mM) was added as the substrate. When methanol was used, additional methanol (2 g/liter) was added each day during growth. When cells were cultured in the presence of 61Ni, NiCl2 * 6H20 was omitted, yeast extract was decreased to 0.1 g/liter, and 61Ni (dissolved in nitric acid) was added to a final concentration of 0.5 mM. Cells were harvested in a continuous-flow centrifuge (type LE; Cepa) under a stream of N2, and the resulting cell paste was frozen and stored in liquid nitrogen.
Anaerobic procedures. The general anaerobic procedures for the preparation of cell extracts and for enzyme assays were as previously described (19) . All containers and solutions used for anaerobic procedures were made 02 free by repeated vacuum degassing and replacement with 02-free gas (N2, H2, or CO). All gasses used were scrubbed free of trace amounts of 02 by passage through reduced BASF catalyst R3-11 (Chemical Dynamics Corp., South Plainfield, N.J.).
Preparation of cell extracts. Cell extracts were prepared anaerobically under an H2 atmosphere as previously described (13 Richmond, Calif.) by the method of Bradford (3) with bovine serum albumin (Sigma) as the standard. Metals were analyzed by plasma emission spectroscopy at the Institute of Ecology, University of Georgia, Athens, as described elsewhere (15) . Inorganic sulfide was determined by the micro method of Beinert (2) in 0.5-ml culture tubes fitted with serum stoppers (7 by 15 mm).
Gel electrophoresis. Native polyacrylamide gel electrophoresis was performed by using the Laemmli buffer system without sodium dodecyl sulfate (SDS) (10) . CO dehydrogenase activity was visualized on native gels before staining for protein. The gel was placed in a glass dish (20.5 by 20.5 by 5 cm) modified with silicone rubber molded onto the edges to provide a gastight seal with a glass cover. The atmosphere in the dish was flushed with 02-free N2 at 150 ml/min for 20 min by using entrance and exit syringe needles inserted through the rubber mold. The N2 atmosphere was then replaced with CO. The reaction mixture used in the standard CO dehydrogenase assay was flooded onto the gel and incubated at room temperature. Protein bands that contained CO dehydrogenase activity were visualized as a dark blue band of reduced MV against a colorless background. The gels were stained for protein with Coomassie blue R-250. An Isophore (Isolab, Inc., Akron, Ohio) 4 to 30% linear gradient gel was used to estimate native molecular weights (12) . The Tris-boric acid buffer system (pH 8.3) contained (per liter) 10.75 g of Tris hydrochloride, 5.0 g of borate, and 0.93 g of sodium EDTA. The molecular weight standards (Sigma) were bovine thyroglobulin (700,000), horse serum ferritin (450,000), bovine catalase (240,000), rabbit muscle aldolase (160,000), bovine serum albumin (67,000), and ovalbumin (45,000).
Spectroscopy. Electron paramagnetic resonance (EPR) experiments were performed with a model E109 Century Series spectrometer (Varian Associates, Inc., Palo Alto, Calif.). The temperature was kept constant with a Varian variable temperature accessory. A copper-EDTA standard was used for integration of the signals. UV-visible spectra of the CO dehydrogenase and corrinoid were obtained with a Cary model 219 and a Perkin-Elmer model 552 spectrophotometer.
Chemicals. F420 was purified from extracts of Methanobacterium formicicum as previously described (19) . The following were purchased from Sigma: ammonium sulfate (grade III), MV, 2-mercaptoethanol (type I), flavin mononucleotide, and FAD. 61Ni (87% isotopic purity) was obtained from the Oak Ridge National Laboratory, Oak Ridge, Tenn. Electrophoresis-grade Tris, glycine, and SDS were obtained from Bio-Rad. All other chemicals were of reagent grade and the highest purity obtainable from Sigma. RESULTS Purification. Anion-exchange FPLC of cell extracts from acetate-grown cells resolved two peaks of CO dehydrogenase activity (Fig. 1 ). The first peak (peak A-I) contained only 10% of the total activity recovered from the column, while the second peak (peak A-II) contained 90%. FPLC of extracts from methanol-grown cells yielded similar results except that the second peak of CO dehydrogenase activity (peak B-II) was sixfold less than the corresponding peak A-II from acetate-grown cells. The greater amount of total activity recovered from the acetate-grown cells was consistent with previous results (13) . The greater amount of activity in peak A-II of acetate-grown cells suggested a specific involvement of this CO dehydrogenase in the pathway of acetate conversion to methane.
A representative purification of the CO dehydrogenase in peak A-II from acetate-grown cells is shown in Table 1 . The CO dehydrogenase rapidly lost activity on exposure to air; therefore, all steps were performed in the anaerobic chamber. Based on the following results, the enzyme was judged to be homogeneous. The CO dehydrogenase was eluted from the high-resolution FPLC Superose-6 gel filtration column in a single symmetrical protein peak with constant specific activity (± 2 U/mg). Native gel electrophoresis of the preparation yielded a major high-molecular-weight protein band and a minor protein band near the dye front (Fig. 2) . Both of the bands contained CO dehydrogenase as shown by activity staining before staining for protein (data not shown). The native Mrs of the corresponding proteins were approximately 1,000,000 and 250,000 as estimated by gradient gel electrophoresis (data not shown). SDS gel electrophoresis; in the second dimension (data not shown) revealed identical subunit compositions of the two proteins which indicated that the larger protein was an aggregate of the smaller protein; the SDS gel also showed that no protein was detectable at the dye front of the native gel.
Native gel electrophoresis of cell extracts from acetateand methanol-grown cells showed higher concentrations of the purified CO dehydrogenase in acetate-grown cells (Fig.  2) . Similar patterns were obtained when the gels were stained for activity before protein staining (data not shown). Although the CO dehydrogenase was purified to apparent homogeneity, the specific activity increased only sevenfold ( Table 1 ), indicating that the enzyme was a major constituent of acetate-grown cells.
Composition. Denaturing gel electrophoresis of the purified preparation revealed five subunits with Mrs of 89,000, 71,000, 60,000, 58,000, and 19,000 (Fig. 3) . Some prepara- (Fig. 1, peak A-II) .
b Cell extract was 20 mg of protein per ml.
tions (two of six) yielded variable amounts of an additional protein band (Mr = 56,000; Fig. 3 ). This additional protein never exceeded 5% of the total absorbance in densitometer scans, which suggests it was a minor contaminant or degraded protein. Densitometer scans revealed a 1.3:1.0:1.1: 1.1:1.0 ratio of the subunits, yielding a minimum Mr of 297,000. Denaturing gel electrophoresis of cell extracts from acetate-and methanol-grown cells showed that at least the 89,000 and 19,000 subunits of the CO dehydrogenase were absent from methanol-grown cells (Fig. 3) .
Metal analysis revealed apparently 3.6 Ni, 25 Fe, 1.2 Co, and 6.1 Zn atoms per minimum Mr of 297,000 when the protein was determined by using the Bradford assay. Inorganic sulfide analysis showed 15.2 atoms per minimum Mr Spectral characteristics. The UV-visible absorption spectrum of the enzyme showed a broad peak in the 380-to 480-nm region characteristic of Fe-S proteins (Fig. 4) . This absorbance decreased upon incubation with CO, revealing an A395 maximum that is characteristic of the reduced, electrophilic cobamides.
A high-temperature, CO-dependent, EPR spectrum with g values of 2.073, 2.049, and 2.028 was obtained (Fig. 5) . The EPR signals were broadened with enzyme isolated from cells grown in medium enriched with 6"Ni, showing that the signal involved nickel. Double integration of the signal showed that it represented 29% of the nickel present in the sample.
The presence of cobalt in the CO dehydrogenase suggested that the CO dehydrogenase might contain a corrinoid compound. Heating the enzyme with KCN at pH 10.5 released a compound with a visible spectrum (Fig. 6) Electron paramagnetic resonance spectra of the CO dehydrogenase from M. thermophila. Spectra were measured at 9 GHz and at -160°C. Other parameters were as follows: power, 10 mW; field set, 3,200; time constant, 0.123 s; modulation amplitude, 2.5 G; modulation frequency, 250 kHz; gain, 20,000; scan time, 4 min. Each enzyme preparation was in 50 mM TES (pH 7.0)-10 mM MgCl. Concentrations of (A) 15.5 mg/ml preincubated in an atmosphere of N2; (B) 13.7 mg/ml preincubated in an atmosphere of CO; (C) 12.2 mg/ml of enzyme purified from cells grown in the presence of 6"Ni and preincubated inan atmosphere of CO. Wavelength (nml FIG. 6 . Visible spectrum of the corrinoid released from purified CO dehydrogenase of M. thermophila. KCN was added to purified enzyme (4 mg in 2.0 ml of 50 mM TES [pH 6 .81-10 mM MgCl) at a final concentration of 0.01% (wt/vol), and the pH was adjusted to acteristic of dicyanocobamides (14) . Approximately 0.5 mol of the corrinoid was recovered per mol of enzyme, assuming a minimum M, of 297,000 and an E580 of 10.2 mM-1 cm-' to estimate the amount of corrinoid (14) .
Inhibition by cyanide. When the enzyme was incubated in either an N2 or CO atmosphere and in the presence of 20 ,uM KCN, CO dehydrogenase activity was initially inactivated 73% (Fig. 7) . However, after 10 min, a time-dependent reversal of inactivation occurred with the enzyme incubated in a CO atmosphere; after 30 min, the activity was restored to 95% of the control. Replacement of the N2 atmosphere with CO after 17 min also relieved the inactivation. These results suggest that CN -may bind at or near the CO binding site.
Electron acceptors. The pH optimum in the standard assay with MV was 8.4, and activity was detected in the range 6 to 9. The CO dehydrogenase reduced FAD and flavin mononucleotide at 15% of the specific activity in the standard assay with MV, but it did not reduce F420. The enzyme made up greater than 10% of the cellular protein, suggesting involvement in a major catabolic pathway. (iii) The EPR properties were nearly identical to the published spectra of the clostridial CO dehydrogenase (18) catalyzing the synthesis of acetyl-CoA. (iv) The enzyme contained a corrinoid, which has been implicated as a methyl carrier in the pathway of acetate conversion to methane (5) .
(v) The CO dehydrogenase activity was reversibly inactivated by cyanide, which also inhibits methanogenesis from acetate (21) . Hypothetically, the enzyme may function to cleave an activated form of acetate transferring the methyl group to the corrinoid and the carbonyl to the nickel site forming a nickel(III)-iron-carbon center as proposed for the clostridial enzyme (18) . The EPR results suggest that the environments of the nickel centers in the clostridial and methanogen enzymes are similar and may reflect similar reaction mechanisms in the synthesis and cleavage of acetylCoA. In addition, the pattern of cyanide inactivation of CO dehydrogenase activity was similar to the inactivation of the clostridial enzyme (16) . The presence of Fe-S centers and zinc in the M. thermophila enzyme are additional features in common with the clostridial enzyme (15) . Further research is necessary to prove the proposed function for the CO dehydrogenase, such as demonstration of methylcobamide derived from the methyl group of acetate or an activated form of acetate. Acetyl-CoA may be the activated form in M. barkeri (5) and Methanothrix soehngenii (8) .
The CO dehydrogenase contained five subunits suggestive of a multifunctional enzyme complex. Two of the subunits may be required for the CO dehydrogenase activity. A CO dehydrogenase has been described from M. barkeri (9) barkeri may be associated with a complex (1) . Efficient methyl transfer from methanol to HS-CoM in M. barkeri extracts also appears to require an enzyme complex (23) . A cobamide-containing membrane complex has been reported in the H2-CO2-utilizing methanogen Methanobacterium thermoautotrophicum (20) . The corrinoid protein and the CO dehydrogenase in the homoacetogenic clostridia also form a complex (7) .
High-resolution FPLC resolved two peaks of CO dehydrogenase activity from extracts of acetate-grown M. thermophila. The enzyme in the first peak (peak A-I) was not purified. However, SDS acetate-and methanol-growh cells reported here suggests that synthesis of the intact CO dehydrogenage complex may be repressed in methanol-grown cells, supporting the proposed model. However, the results do not rule out that three of the subunits (71,000, 60,000, and 58,000) may also be synthesized in methanol-grown cells.
